the essential role of ClpB/Hsp104 in thermotolerance survival is solely dependent on ClpB-mediated elimirelies on its ability to solubilize aggregated proteins and nation of aggregates or also on reactivation of aggrethereby to eliminate potentially toxic effects or, alternagated proteins has been unclear. We engineered a tively, on its ability to reactivate the lost proteins.
or structural defects ( Figure 1C ; data not shown). Using size exclusion chromatography, we showed that BAP, The capture-and-release mechanism could allow DnaK to work productively on aggregated proteins after ClpBin contrast to ClpB wild-type, formed a complex with ClpP ( Figure 1C ). BAP/ClpP complexes could also be mediated changes of the aggregate structure. In case of a translocation mechanism, DnaK may be required visualized by electron microscopy, while no complexes were observed between ClpB and ClpP ( Figure 1D ; data for efficient substrate threading through the pore, either by facilitating initial unfolding of the substrate or by not shown). These results demonstrate that the exchanged helix-loop-helix motif containing the IGF/L triinteracting with the translocating polypeptide at the distal end of the pore, thereby generating a pulling or trappeptide sequence is sufficient to allow ClpB to associate with ClpP. ping force. Thus, depending on the model, ClpB and the DnaK system may act sequentially or simultaneously. A physically linked bichaperone complex as the active BAP/ClpP Forms an Active Proteolytic Complex To probe for the proteolytic activity of the BAP/ClpP disaggregation machinery is supported by the observation that cooperation of the two chaperone systems complex, we tested the degradation of ␣-casein, a naturally unfolded model substrate. ␣-casein was efficiently exists only between proteins of the same species (Glover and Lindquist, 1998 trapping mutant protein of GroEL (EL-D87K), which is importance of substrate translocation for ClpB-dependent protein disaggregation, we investigated the infludeficient in ATP hydrolysis and consequently can trap nonnative substrates (Weber-Ban et al., 1999). In comence of ClpP-S111A, an inactive, propeptide-containing ClpP variant, on protein disaggregation by KJE/BAP. plete agreement with the ESL experiments described above, EL-D87K could only efficiently protect solubiThe uncleaved propeptides of ClpP-S111A occupy the digestion chamber and thus limit entry of other molelized but not aggregated MDH from degradation by KJE/ BAP/ClpP (Supplemental Figures S2B-S2D ). These data cules (Ortega et al., 2000) . Addition of ClpP-S111A to KJE/BAP but not KJE/ClpB inhibited MDH disaggregademonstrate that a direct transfer of aggregated MDH via BAP into the proteolytic chamber of ClpP must have tion ( Figure 3C ). Consistent with these findings, coexpression of BAP and ClpP-S111A in E. coli ⌬clpB mutant occurred, without MDH becoming accessible to the solvent. cells also blocked protein disaggregation or the reactivation of heat-aggregated luciferase (data not shown). In an alternative approach to demonstrate the crucial The initial decrease of MDH turbidity can most likely be predicts that residues, which are crucial for the translocation activity, should also be important for protein disattributed to protein disaggregation by BAP molecules that are not associated with ClpP-S111A. Accordingly, aggregation. For several peptidase-associated AAAϩ chaperones, it has been shown that conserved aromatic some MDH activity could be regained until the solubilization process was inhibited (data not shown). Together, residues located at the apical end of the central pore of the AAAϩ oligomers are essential for substrate transthese findings indicate that ClpB-dependent translocation is an essential part of the disaggregation reaction.
location ( promotors. The plasmids differed in copy number, ␣-casein was 5-fold reduced, comparable to the defects allowing the production of ClpB or BAP to wild-type determined for MDH disaggregation ( Figure 4C ). We levels (at 30ЊC) and ClpP to higher levels allowing satusuggest that the different dependencies on substrate rating formation of BAP-ClpP complexes (Supplemental unfolding are the basis for these findings, as the peptide Figure S8 ). Heat shock to 45ЊC caused quantitative agwas still degraded in presence of ATP␥S, whereas deggregation of luciferase, which was largely solubilized radation of ␣-casein strictly depended on ATP hydrolyand refolded during a recovery phase at 30ЊC upon exsis (Supplemental Figure S5) . ClpB-Y653A was affected pression of ClpB or BAP ( Figure 5A ). Coproduction of more severely and showed an almost complete loss of ClpB and ClpP did not affect the reactivation of heatactivity. Complex formation of both BAP pore mutants aggregated luciferase during the recovery phase at with ClpP was unchanged, excluding a defect in ClpP 30ЊC. In contrast, the refolding of aggregated luciferase, association as the reason for the hydrolysis defects which also occurred in cells producing BAP only, was (Supplemental Figure S6A) . Similar to the observed degalmost completely abolished upon coproduction of BAP radation defects, BAP-Y251A displayed only partial acand ClpP, and, consistently, no luciferase could be retivities in MDH and luciferase disaggregation in vitro gained in the soluble fraction ( Figure 5A ). Thus, in agreeand reactivation of heat-aggregated luciferase in vivo, ment with the data obtained in vitro, ClpP also switches whereas BAP-Y653A exhibited a complete activity loss BAP/KJE in vivo from a refolding to a degrading disagand did not restore protein disaggregation and thermogregation machinery. tolerance in ⌬clpB mutant cells (Figures 4C and 4D; These results set the basis to determine whether this Supplemental Figure S7 ). Consistent with this notion, activity switch affects the development of thermotol-BAP-Y653A/ClpP/KJE could no longer degrade dimeric erance.
TrfA (data not shown). Together, these data demonstrate
We first determined the consequences of BAP and that Tyr653 is essential for substrate translocation and ClpP coproduction on cell viability upon heat shock to protein disaggregation. different temperatures ( Figure 5B ). BAP/ClpP coexpresIn order to provide direct evidence for a role of Tyr653 sion did not significantly affect viability up to 48ЊC. Howin substrate translocation and protein disaggregation, ever, dramatic cell death was observed at 50ЊC, similar we replaced Tyr653 in vivo by the photocrosslinking to the phenotype of ⌬clpB mutant cells ( Figure 5B ). In amino acid p-benzoyl-L-phenylalanine (Phe*) (Chin et contrast, cells expressing either BAP alone or ClpB/ al., 2002). We monitored the interaction of this residue ClpP remained viable. Notably, the reduced viability at with peptide B1*, which was labeled with a biotin moiety 50ЊC correlated with maximal protein aggregation at this to allow detection of crosslink products, and urea-denatemperature, suggesting that the inability of cells that tured luciferase. Efficient crosslinking between ClpBeither lack ClpB or express BAP/ClpP to refold aggrePhe*653 and peptide B1* was obtained in the presence gated proteins causes cell death ( Figure 5B ). of ATP and especially ATP␥S, probably because the Next, we followed the influence of BAP/ClpP coprointeraction with the substrate is less transient in this duction on the development of induced thermotolernucleotide state ( Figure 4E ). Crosslink products beance. The production of plasmid-encoded BAP alone tween ClpB-Phe653* and urea-denatured luciferase or ClpB with and without ClpP allowed the induction of were obtained only in the additional presence of KJE ( Figure 4F ). These findings demonstrate that substrates thermotolerance in ⌬clpB cells. In striking contrast, cells coproducing BAP and ClpP failed to develop thermotolby inefficient protein disaggregation, since aggregate solubilization was restored in ⌬clpB mutant cells by coerance and died at 50ЊC with a rate identical to ⌬clpB mutant cells ( Figure 5C ). It is important to note that this production of BAP and ClpP ( Figure 5D ). We also investigated whether uncontrolled proteolyloss of thermotolerance development was not caused sis by BAP/ClpP might be responsible for the loss of aggregated proteins is essential for the survival of cells during severe heat stress. thermotolerance. Total protein degradation of shortlived polypeptides was increased at 30ЊC and 42ЊC upon coproduction of BAP and ClpP. However, the level of Discussion total protein turnover remained low ( Supplemental Figure S9) , and, accordingly, no differences in the levels We developed the ClpB variant BAP, which associates with the peptidase ClpP, to investigate the mechanism of E. coli bulk proteins were detectable (Supplemental Figures S9 and S10 ). In agreement with these findings, of ClpB-dependent protein disaggregation and the biological consequences of switching ClpB from a refolding coproduction of BAP and ClpP did not affect cell growth at 30ЊC or 42ЊC and decreased cell viability only slightly to a degrading disaggregase. Through introduction of a single structural element upon prolonged incubation at 45ЊC, comparable to the defects of ⌬clpB mutant cells (Supplemental Figures from ClpA, the P element containing helix-loop-helix motif that mediates ClpA interaction with ClpP, it was S11 and S12). These data indicate that coproduction of BAP and ClpP does not lead to reckless protein degrapossible to convert ClpB into a chaperone that physically interacts and cooperates with ClpP in the degradadation but only affects cell viability under conditions in which ClpB function becomes essential. We therefore tion of substrates. The easiness by which this functional switch could be achieved is a manifestation of the close conclude that reactivation but not pure solubilization of Second, we could show that the substrate translocais operative in the solubilization of aggregated MDH by ClpB/KJE (C. Schlieker et al., submitted). tion activity of ClpB is dependent on the conserved aromatic residues Y251 and Y653 that are located near A fourth conclusion concerns the role of the DnaK chaperone system in the disaggregation process. Subthe pores of the AAA domains. Roles for aromatic residues corresponding to Y251 of ClpB, located at the strate translocation by ClpB is necessary but not sufficient for protein disaggregation, since solubilization of apical pore entrance of the AAA domain, have been described to be crucial for substrate degradation by aggregated proteins remains KJE dependent. We find here that KJE is required neither for the basal translocaseveral different peptidase-associated AAAϩ chaperones ( at 30ЊC to logarithmic phase, then shifted to 45ЊC for 30 min followed Wild-type and mutant ClpB was purified as described after overby a recovery phase at 30ЊC for 120 min. Soluble and aggregated production in ⌬clpB::kan cells ( Reactivation of heat-aggregated luciferase was analyzed in ⌬clpB C-terminally His 6 -tagged ClpP or ClpP-S111A were purified by Nimutant strains, bearing plasmid-encoded luciferase, various clpB NTA affinity chromatography following standard protocols. Pyruvate alleles, and clpP. Cells were grown in LB medium containing 250 kinase and ␣-casein were purchased from Sigma; malate dehydro-M IPTG for 3 hr. Arabinose (0.1% w/v) was added, and cells were genase (MDH) of pig heart muscle and firefly luciferase were from grown for another hour. Synthesis of luciferase was blocked by Roche. Peptides were chemically synthesized and purified by HPLC. addition of tetracycline (25 g/ml) and 1% (w/v) glucose, and cells MDH was labeled by use of N-succinimidyl [2,3-3 H] propionate were subsequently shifted to 45ЊC for 20 min. Reactivation of lucifer-(Amersham) as described (Weibezahn et al., 2003) . Protein concenase was followed during a recovery phase at 30ЊC by determining trations were determined with the Bio-Rad Bradford assay. the in vivo luciferase activity as described (Tomoyasu et al., 2001) . Survival of E. coli cells after exposure to lethal temperature was determined by calculating the plating efficiency. Cells were grown Biochemical Assays ATP hydrolysis rates under steady-state conditions were deterin LB medium to midexponential growth phase at 30ЊC, followed by a preheat shock to 42ЊC for 15 min. Subsequently, the cells were mined as described (Mogk et al., 2003b) . ClpB disaggregation activities were determined by following the solubilization and refolding incubated at 50ЊC for the indicated time. 
